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APPLICATION OF HIGH PERFORMANCE LIQUID CHROMATOGRAPHY 
TO THE ANALYSIS OF NUCLEAR MATERIALS 

R.M. Cassidy and S. Elchuk 

Atomic Energy o f  Canada L i m i t e d  
Chalk R i v e r  Nuclear Labora to r ies  

Chalk R ive r ,  On ta r io  KOJ 1JO 
Canada 

ABSTRACT 

A small  - p a r t i c 1  e (1  3 u m) s ty rene-d i  v i  n y l  benzene cation-exchange 
r e s i n  has been used f o r  t h e  separa t i on  and de te rm ina t ion  o f  t r a c e  
me ta l s  i n  nuc lea r  m a t e r i a l s  such as s t e e l s ,  Ni-Cr-Fe a l l o y s ,  z i r c o n -  
ium, and uranium. The e l u t e d  metal ions,  which i nc luded  Mn, Fey Co, 
N i ,  Cu, Zn and Pb, were moni tored w i t h  a v a r i a b l e  wavelength d e t e c t o r  
a f t e r  a post-column r e a c t i o n  w i t h  4-(2-pyridylazo)-resorcinol. The 
meta l  i ons  were determined a t  t o  1% (w/w) l e v e l s  by d i r e c t  
i n j e c t i o n  o f  s o l u t i o n s  o f  t h e  ma te r ia l s .  I n t e r f e r e n c e  f rom uranium, 
due t o  t h e  r e a c t i o n  between uranium and t h e  reagent used f o r  detec-  
t i o n ,  was removed e i t h e r  w i t h  a masking agent o r  by a coupled-column 
technique. 

INTRODUCTION 

The a p p l i c a t i o n  o f  high-performance l i q u i d  chromatography 

(HPLC) t o  t h e  separa t i on  and de te rm ina t ion  o f  metal i ons  has n o t  

r e c e i v e d  t h e  same a t t e n t i o n  g iven t o  o rgan ic  compounds and i n o r g a n i c  

an ions ( I o n  Chromatography). Some o f  t h e  major reasons f o r  t h i s  

l a c k  o f  i n t e r e s t  have been: t h e  a v a i l a b i l i t y  o f  o t h e r  i ns t rumen ta l  

methods o f  a n a l y s i s  such as atomic a b s o r p t i o n  and emission spec t ro -  
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380 CASSIDY AND ELCHUK 

scopy; t h e  incompat i b i  1 i t y  between so l  vent  systems normal ly  used i n  

a n a l y s i s  f o r  metal i ons  and t h e  m a t e r i a l s  used i n  high-performance 

systems; and t h e  l a c k  o f  s u i t a b l e  de tec to rs  f o r  inetal ions.  Of ten 

t h e  comnon ins t rumen ta l  methods used f o r  t h e  de te rm ina t ions  o f  metal 

i ons  a re  s u s c e p t i b l e  t o  i n t e r f e r e n c e s  and/or m a t r i x  e f f e c t s  and 

r e q u i r e  a p r e l i m i n a r y  separa t i on  o f  t h e  components o f  i n t e r e s t .  I n  

such s i t u a t i o n s ,  HPLC o f f e r s  a f a s t  method o f  sample pret reatment  

and c o u l d  be used f o r  t h e  d i r e c t  a n a l y s i s  o f  t h e  sample i f  an 

a p p r o p r i a t e  d e t e c t i o n  system was ava i l ab le .  Recently, t h e r e  has 

been a s i g n i f i c a n t  increase i n  t h e  number o f  p u b l i c a t i o n s  i n  t h i s  

area as t h e  p o t e n t i a l  o f  HPLC f o r  t h e  separa t i on  and de te rm ina t ion  

o f  metal i ons  and metal complexes i s  be ing  recognized and answers 

a r e  be ing  found f o r  some o f  t h e  t e c h n i c a l  problems. 

Some o f  t h e  d e t e c t i o n  systems t h a t  have been used f o r  t he  HPLC 

o f  metal i ons  i n c l u d e  atomic absorpt ion,  U V - v i s i b l e  spect rophoto-  

metry, a rc  and induc t i ve l y -coup led  plasma emiss ion spectrometry, 

o x i d a t i o n - r e d u c t i o n  a t  an e lec t rode ,  and r a d i o a c t i v i t y  moni tor ing.  

While a l l  o f  these d e t e c t i o n  systems can p r o v i d e  use fu l  i n fo rma t ion ,  

t h e  most promis ing systems f o r  r o u t i n e  work are U V - v i s i b l e  and 

coul  omet r i c  detectors .  The post-column r e a c t i o n  system in t roduced  

by F r i t z  and h i s  s tudents  (1-3), which i s  based on the  fo rma t ion  of 

a metal complex hav ing  l a r g e  molar a b s o r p t i v i t y  i n  t h e  UV-v i s ib le  

reg ion ,  i s  i n h e r e n t l y  f l e x i b l e  wi th rega rd  t o  s e l e c t i v i t y  and sensi -  

t i v i t y .  Recent s t u d i e s  have shown t h a t  w i t h  s l i g h t  m o d i f i c a t i o n s ,  

t h i s  i s  an a t t r a c t i v e  d e t e c t i o n  system f o r  HPLC (4-6) and t h i s  

m o d i f i e d  system has been used i n  t h i s  work. Coulometr ic  d e t e c t i o n  
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HPLC ANALYSIS OF NUCLEAR MATERIALS 381 

has a l s o  been used e x t e n s i v e l y  i n  HPLC and t h e  work o f  Takata e t  al. 

(7-10) has shown t h a t  both d i r e c t  and i n d i r e c t  cou lomet r i c  d e t e c t i o n  

can be used f o r  metal ions. 

Th is  paper descr ibes t h e  r e s u l t s  o f  a study o f  t h e  p o t e n t i a l  o f  

HPLC f o r  t h e  de te rm ina t ion  o f  t r a c e  amounts o f  metal i ons  i n  s t e e l ,  

n icke l -chromium- i ron a l l o y s ,  z i r con ium a l l o y ,  and uranium. The 

emphasis i n  t h i s  r e p o r t  i s  on t r a c e  a n a l y s i s  s i n c e  p rev ious  s t u d i e s  

have shown t h a t  low t o  inedium r e s o l u t i o n  systems can be used f o r  t h e  

d e t e r m i n a t i o n  o f  major components i n  meta ls  and a l l o y s  (11)  and t h e  

t r a n s f e r  o f  these methods t o  HPLC should be, i n  many instances,  a 

r e l a t i v e l y  s imp le  matter. 

METHODS 

D i s s o l u t i o n  o f  Nickel-Chromium-Iron A l l o y s  and Steels .  A 1-g  sample 

o f  t h e  a l l o y  o r  s t e e l  ch ips  was washed w i t h  acetone, weighed, and 

d i s s o l v e d  i n  10 mL o f  concentrated d o u b l e - d i s t i l l e d  HC1 a t  90°C i n  

a covered beaker. On d i s s o l u t i o n ,  t h e  s o l u t i o n  was evaporated t o  

near  dryness under a stream o f  n i t rogen ,  removed f rom t h e  heat and 

d i l u t e d  w i t h  5 mL o f  d i s t i l l e d - d e i o n i z e d  water  and 1 mL o f  double- 

d i s t i l l e d  HNO3. Th is  s o l u t i o n  was t r a n s f e r r e d  t o  a 50-mL volu- 

m e t r i c  f l a s k  and d i l u t e d  t o  t h e  mark w i t h  d i s t i l l e d - d e i o n i z e d  

water. 

D i s s o l u t i o n  o f  Zirconium. Z i rconium t u r n i n g s  (* 1 g)  were washed 

w i t h  methylene c h l o r i d e  and methanol, d r i e d  and weighed. For  

samples 1 and 2, 20 mL o f  36 mo1.L-1 HzSO4 was added t o  t h e  

z i r con ium and t h e  m i x t u r e  was heated (* 100°C) w i t h  occasional  
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38 2 CASSIDY AND ELCHUK 

a d d i t i o n  o f  1 mL o f  H202 (30%) t o  enhance d i s s o l u t i o n .  Upon 

complete convers ion of t h e  metal t o  t h e  s u l f a t e  s a l t ,  t h e  sample was 

fumed under a n i t r o g e n  purge t o  near dryness and t h e  res idue  was 

d i s s o l v e d  up t o  50 mL i n  d i s t i l l e d - d e i o n i z e d  water. 

For  sample 3, 40 mL o f  1 mo1.L-l HNO3 and severa l  drops 

of concentrated HF were added t o  t h e  t u r n i n g s  and t h e  sample was 

heated t o  90°C. A d d i t i o n a l  HF was added p e r i o d i c a l l y  u n t i l  

d i s s o l u t i o n  was complete and t h e  sample was d i l u t e d  t o  50 mL w i t h  

d i s t i l l e d - d e i o n i z e d  water. 

MATERIALS 

Apparatus. The HPLC system used has been desc r ibed  elsewhere (4,5). 

PAR (4-(2-pyridylazo)-resorcinol) was used f o r  d e t e c t i o n  o f  t h e  

metal ions. Th is  reagent s o l u t i o n  which was Z X ~ O - ~  mo1.L-1 

PAR w i t h  2 mo1.L-1 ammonia and 1 mo1.L-l ammonium acetate,  

was mixed i n  a 1 : l  ( V / V )  r a t i o  w i t h  t h e  column e l u a t e  i n  a low- 

dead-volume mixer  ( 4 )  and t h e  r e s u l t i n g  s o l u t i o n  was moni tored a t  

540 nm. 

Separat ions were done on 4 mn x 10 cm columns packed wi th  13 urn 

Aminex A-5 (Bio-Rad, Mississauga, Ont.) o r  a Brownlee bonded-phase 

i o n  exchanger (KAT 10 urn, Technical Marke t i ng  Associates, 

M i  s s i  ssauga, Ont., Canada). An aqueous suspension o f  t h e  A m i  nex 

r e s i n  was homogenized u l t r a s o n i c a l l y  and then  s l u r r y  packed i n t o  

s t a i n l e s s  s t e e l  columns a t  34 MPa (5000 p s i ) .  

For t h e  coupled-column separa t i on  o f  uranium, a 2 x 3 m Aminex 

c a r t r i d g e  (5 )  was p laced i n  t h e  sample l oop  p o s i t i o n  o f  a h igh -  
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HPLC ANALYSIS OF NUCLEAR MATERIALS 383 

pressure sampling valve and t h i s  valve was placed i n  the i n l e t  s ide  

of the  column. Samples were loaded onto t h i s  car t r idge  with a 

chemically ine r t  pump (CMP-1 ,  Laboratory Data Control , Riviera 

Beach, F1 a. ). 

Samples. The UNS Ni-Cr-Fe alloys were supplied by Noranda Specialty 

Meta 

d e t a  

used 

s (Noranda Metal Industries L td . ,  Arnprior, O n t . ,  Canada). A 

led description of these a l loys  and the  sampling techniques 

has been given el sewhere (1  2 ) .  

The s tee l  samples were Br i t i sh  Chemical Standards (Bureau of 

Analyzed Samples, Middl esbrough, England) and the  zirconi urn samples 

were from the EZ se r i e s  o f  NBS standards which are described in NBS 

Publication 241, 1962, NBS, Washington, D.C. The high-purity 

zirconium b a r ,  used fo r  t he  preparation of s t a n d a r d  curves, was 

purchased from the  Materials Research Corporation (Orangeburg, 

N . Y . ) .  

RESULTS AND DISCUSSION 

Ferrous and  Nickel -Chromi urn-Iron A1 1 oys. In nucl ear-power reactors 

t he  in-core ac t iva t ion  of cobalt  t o  6oCo, which emits a very 

penetrating y-radiation, a n d  the subsequent t ranspor t  of Co in heat 

t ranspor t  f l u i d s  t o  and deposition onto out-of-core components, i s  

a n  important f ac to r  in the  production of radiation f i e l d s  in these 

out-of-core components. Consequently, accurate and  s ens i t i ve  

analysis procedures for  cobalt in materials t h a t  are in contact with 

heat-transport  f l u ids  a re  important t o  both the manufacturer o f  

reac tor  components and the  designer. Some example HPLC separations 
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384 CASSIDY AND ELCHUK 

C O  FOUND - 0 0062% 
CERT I F I EO 
VALUE - 0 006% 

c o  

Co FOUND - 0 124% 
CERTIFIED 

c o  
VALUE - 0 125% 

L I S O C R A T I C  E L U T I O N  

Mn FOUND - 0 . 4 6 1  
NONCERT I F I ED 
VALUE . 0 50% 

, YLl G R A D I E N T  E L U T I O N  

I I I 1 

0 a 16 24 
RETENTION TI ME (mid 

FIGURE 1 
HPLC analy  i s  o f  s tee l s .  Experimental c o n d i t i o n s :  sample, l O p L  o f  
%12 mg.mL-5 s t e e l  s o l u t i o n ;  Am'nex column; d e t e c t i o n  a t  540 nm, 
post-column reagent, 50 1J.g.mL-I PAR s o l u t i o n  i n  2 mo1.L-l 
ammo i a  and 1 mo1.L" ammonium c e t a t e  a t  f l o w - r a t e  o f  1.5 mL 
min-7; e l u e n t  f l ow ,  1.5 mL.min-?; i s o c r a t i c  cond i t i ons ,  
0.07 mo1.L-1 c i t r a t e  a t  pH 4.8; g r a d i e n t  cond i t i ons ,  0.001 t o  
0.10 mo1.L-l c i t r a t e  a t  pH 4.8. 

o f  f e r r o u s  a l l o y s  a re  shown i n  F i g u r e  1. These chromatograms show 

t h a t  bo th  i s o c r a t i c  and g r a d i e n t  c o n d i t i o n s  can be used and t h a t  

l a r g e  i r o n  concen t ra t i ons  (12 rng.mL'l) can be i n j e c t e d ,  t hus  

p e r m i t t i n g  t h e  de te rm ina t ion  o f  small concen t ra t i ons  o f  Co( 11). 
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A n a l y s i s  Not 
C e r t i f i e d  

(Wt%) 

385 

Mn Found 
by HPLC 

(wt%) 

Sampl e 

I 

0.020** 

I 

0.690 

Steel  Sample 

EAS327 SS57 
BAS272 SS12 
BAS273 SS13 
BAS274 SS14 
BAS276 SS16 
BAS277 SS17 

NS N08800A 

liS NO6600 

TABLE 1 

ANALYSIS OF STEELS AND Ni-Cr-Fe ALLOYS* 

:o Found 
by HPLC 
(wt%) 

0. on62 
0.251 
0.027 
0.194 
0.027 
0.124 

0.018 
0.01 1 
0.01 9 
0.0073 

C e r t i f i e d  
Ana lys i s  

(wt%) 

0.006 
0.250 
0.021 
0.190 
0.027 
0.125 

0.011 
0.019 
0.0078 

0.407 
0.488 
0.440 
0.444 
0.477 
0.455 

Ana lys i s  Not 
C e r t i f i e d  

(wt%) 

0.54 
0.49 

0.48 
0.50 

n. 52 

* The a n a l y s i s  c o n d i t i o n s  f o r  t h e  s t e e l s  are g i ven  i n  F i g u r e  I and 
f o r  t h e  Ni-Cr-Fe a l l o y s  i n  
b a s i s  o f  peak heights .  

F i g u r e  3; a l l  c a l c u l a t i o n s  done on t h e  

** Determined by atomic abso rp t i on  spectrometry. 

Grad ien t  e l u t i o n  i s  p r e f e r r e d  f o r  t h e  de te rm ina t ion  o f  more than one 

meta l  w h i l e  i s o c r a t i c  e l u t i o n  i s  p r e f e r r e d  f o r  maximum b a s e l i n e  

s t a b i l i t y .  Table I summarizes t h e  r e s u l t s  obta ined f o r  Co( I1 )  and 

Mn(I1)  i n  a number o f  s t e e l  standards. I n  each case t h e r e  was 

e x c e l l e n t  agreement between t h e  c e r t i f i e d  va lue f o r  Co( I1 )  and t h e  

r e s u l t  found by HPLC. The agreement between t h e  HPLC r e s u l t s  f o r  

M n ( I I )  and t h e  values s u p p l i e d  w i t h  t h e  s tandards i s  n o t  as good 

b u t  t h e  r e l i a b i l i t y  o f  t h e  values g i ven  f o r  t h e  s tandard i s  

u n c e r t a i n  s ince  these  standards were no t  c e r t i f i e d  f o r  Mn( 11). 
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4 x 1 0 - 3  
ABSORBANCE 
U N I T S  

Co + Zn 

I 
F e  

Pb 

Mn 

L 
I I I I I 
0 4 8 1 2  16 

RETENTION T I M E  ( m i n )  

F IGURE 2 
HPLC separa t i on  of  metal i ons  on bonded-phase ion-exchanger. 
Experimental o n d i t i o n s :  sample, 10  pL o f  a s o l u t i o n  c o n t a i n i n g  5 
t o  100 pg.mL-y o f  each metal ion;  10 um Brownlee column; 
e l u e n t  
mo1.L-I; e l u e n t  f low,  1.0 mL.min-r; d e t e c t i o n  as f o r  F i g u r e  1. 

s tep  g r a d i e n t  o f  c i t r a t e  pH 4.6) f rom 0.03 t o  0.2 
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HPLC ANALYSIS OF NUCLEAR MATERIALS 387 

Dur ing  t h i s  i n v e s t i g a t i o n  o f  t h e  HPLC d e t e r m i n a t i o n  o f  c o b a l t  

i n  Ni-Cr-Fe a l l o y s ,  a bonded-phase ion-exchanger was a l s o  s t u d i e d  

b r i e f l y .  F i g u r e  2 shows t h a t  a l t hough  good peak shapes were 

ob ta ined  wi th  t h i s  column, Co( I1)  and Zn ( I1 )  c o u l d  n o t  be separated. 

The low c a p a c i t y  of t h i s  bonded phase was another f a c t o r  l i m i t i n g  

i t s  use f o r  t hese  samples s ince  small concen t ra t i ons  o f  e luen ts  must 

be used and t h i s  reduces t h e  b u f f e r i n g  c a p a c i t y  o f  t h e  e luen t ,  an 

impor tan t  f a c t o r  when l a r g e  concen t ra t i ons  o f  a c i d i c  samples are 

i n j e c t e d .  For some metal ions,  p a r t i c u l a r l y  Fe ( I1 )  and M n ( I I ) ,  t h e  

l i m i t  o f  d e t e c t i o n  improved when t h e  bonded phase column was used, 

presumably due t o  a more favourab le  r e a c t i o n  w i t h  t h e  post-column 

reagent, PAR, i n  t h e  presence o f  t h e  l ower  concen t ra t i ons  o f  c i t r a t e  

used t o  e l u t e  t h e  metal ions. S a t i s f a c t o r y  separat ions were ob ta in -  

ed w i t h  pH-gradients f o r  both t h e  bonded phase and Aminex columns 

b u t  t h i s  mode was no t  used s ince  i t  tended t o  decrease base l i ne  

s t a b i l i t y .  

With t h e  Aminex columns, t h e  c i t r a t e  e l u e n t  d i d  n o t  g i v e  a 

s a t i s f a c t o r y  separa t i on  o f  very  small amounts o f  Co(II) ( o r  CU(II)) 

i n  t h e  presence o f  l a r g e  concen t ra t i ons  o f  N i ( I 1 ) ;  a t a r t r a t e  e l u e n t  

gave improved separat ions,  as shown i n  F i g u r e  3. The t a r t r a t e  e l u e n t  

was mainta ined a t  pH 3.5 s ince  t h e  separa t i on  o f  some o f  t h e  metal 

i o n s  d e t e r i o r a t e d  a t  pH values above 3.5, and a t  lower  pH values t h e  

s o l u b i l i t y  o f  t h e  t a r t r a t e  decreased ( a c i d  s a l t s  o f  t a r t a r i c  a c i d  are 

o n l y  s l i g h t l y  so lub le ) .  

Large concen t ra t i ons  (0.2 mg i n  10 P L  i n j e c t i o n )  o f  N i ( I 1 )  had 

no e f f e c t  on t h e  l i n e a r  c a l i b r a t i o n  cu rve  o f  Co(I1);  t h e  work ing 
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FIGURE 3 
HPLC analysis of nickel-chromium-iron alloy. Experimental condi- 
t i ons :  sample, 10 pL of 20 mg.mL-1 so lu t ion ;  Aminex column; 
e luent ,  l i nea r  gradient from 0.2 t o  0.4 mo1.L-1 t a r t r a t e  (pH 
3.5) over 15 min; eluent flow, 1 mL.min-l; detection as fo r  
F i g u r e  1. 

range studied fo r  Co(I1) was 10 t o  50 ng  and the detection l imi t  (2X 

baseline noise) under these conditions was ?.1 ng. 

A sumnary o f  the  resu l t s  for  the  determination of Co(I1) i n  a 

number of Ni-Cr-Fe alloys i s  shown i n  Table 1. The UNS alloys were 

the  subj,ect of an interlaboratory comparison between el even 

labora tor ies .  The r e su l t s  of t h i s  study have been given elsewhere 

( 1 2 )  and  the c e r t i f i e d  r e su l t s  given fo r  the  UNS a l loys  in Table 1 

a r e  those given in t h i s  interlabortaory comparison ( 1 2 ) .  The 

' unce r t i f i ed '  r e s u l t s  fo r  Incoloy B are atomic absorption r e su l t s  

from our laboratories.  The r e su l t s  in Table I show tha t  there i s  

excellent agreement between the HPLC r e s u l t s  and the  accepted values 

f o r  Co(I1) in these Ni-Cr-Fe alloys. 

Uranium. Figure 4 shows tha t  when a concentrated uranium solution 

was injected d i r ec t ly  onto t h e  column, the  reaction between the 
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HPLC ANALYSIS OF NUCLEAR MATERIALS 389 

R E T E N T I O N  T I M E  (rnin) 

FIGURE 4 
HPLC a n a l y s i s  o f  uranium. Experimental c o n d i t i o n s :  sample, 10 p L  
o f  357 mg.mL-1 uranium s o l u t i o n  
g r a d i e n t  f rom 0.3 t o  0.5 mo1.L-I t a r t r a t e  (pH 3.5) o v e r  15 min; 
e l u e n t  f l ow ,  1 mL.min-l, d e t e c t i o n  as f o r  F i g u r e  1. 

Aminex column; e luen t ,  l i n e a r  

e l u t e d  uranium and PAR i n t e r f e r e d  w i t h  the  de te rm ina t ion  o f  t r a c e  

amounts of o t h e r  metal ions. One techn ique  t h a t  can be used t o  

remove 

a d d i t i o n  

forms a 

uranium- 

n te r fe rences  with post -co l  umn-reaction d e t e c t i o n  i s  t h e  

o f  a masking agent t o  t h e  post-column reagent. Carbonate 

s t a b l e  complex wi th  uranium and s t u d i e s  showed t h a t  t h e  

AR r e a c t i o n  was almost complete ly  i n h i b i t e d  i n  t h e  presence 

o f  0.3 mo1.L-1 carbonate. F igu re  5 shows t h a t  t h e  carbonate had 

l i t t l e  o r  no i n f l u e n c e  on t h e  r e a c t i o n  between PAR and t h e  o t h e r  

me ta l  ions  s tud ied.  A comparison o f  F i g u r e  4 w i t h  F i g u r e  6, which 
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FIGURE 5 
E f f e c t  o f  carbonate on t h e  r e a c t i o n  between PAR and e l u t e d  metal 
ions. Experimental c o n d i t i o n s  s i m i l a r  t o  those g iven f o r  F i g u r e  'I; 
d e t e c t i o n  as f o r  F i g u r e  1 p lus  t h e  a d d i t i o n  o f  carbonate t o  t h e  
post-column-reagent so lu t i on .  

O L  
i 0 I I I I I I 

4 8 12 16 20 24 
RETENTION TIME ( m i d  

FIGURE 6 
HPLC a n a l y s i s  o f  uranium w i t h  0.3 mo1.L-1 carbonate i n  post -  
column-reagent s o l u t i o n .  Experimental c o n d i t i o n s  as f o r  F i g u r e  5. 
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shows t h e  chromatogram obtained with 0.3 mol .L-l carbonate  added 

t o  the post-col umn reagent ,  c l e a r l y  i l l  u s t r a t e s  t h e  improved 

d e t e c t i o n  of t h e  metal ion i m p u r i t i e s  in  the presence of carbonate. 

The e f f e c t  of the carbonate  masking agent on the a n a l y s i s  of 

uranium i s  shown i n  Table 2. The improved determinat ion of Zn(I1) 

i s  evident .  S ince  the peak shape or  Cu(I1)  i s  a f f e c t e d  by the l a r g e  

c o n c e n t r a t i o n s  of uranium co-elut ing with C u ( I I ) ,  the r e s u l t s  f o r  

C u ( I I ) ,  c a l c u l a t e d  on the b a s i s  of peak h e i g h t ,  a r e  low; peak area 

TABLE 2 

HPLC ANALYSIS OF U R A N I U M *  

SAMPLE A** 
Metal ng added ng found 

0.0 mo1.L-1 0.1 mo1.L-1 0.2 mo1.L-1 0.3 mo1.L-1 
co5 co 5 co ; co 5 

Z n  0 N D  10 15 10 
Pb 0 290 300 31 0 30 0 
N i  0 N D  14 18  10 
co 0 4 . 2  45 45 46 
Mn 0 43 41 45 43 

c u  0 ND+ 28 44 45 

SAMPLE B* 
ng recovered 

c u  200 ND 130 140 160 
Z n  200 ND 203 205 198 
Pb 200 21 3 207 21 5 194 
N i  500 540 520 530 540 
co 50 53 54 54 52 
Mn 100 102 108 105 100 

*Experimental condi t ions  as  f o r  Figure 6 ;  a l l  c a l c u l a t i o n s  done on 

Sample B was spiked 
the b a s i s  of peak heights .  

**Samples A and B were reagent p u r i t y  uranium. 
with the metal ions shown. Both i n j e c t i o n s  contained 3.6 mg of 
urani  urn. 

+ND = Not Detected. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
4
3
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



392 CASSIDY AND ELCHUK 

measurements should improve Cu( 11) analy t ica l  r e su l t s  and possibly 

those for  the  r e s t  of the metal ions studied. However, the r e su l t s  

shown in Figure 6 and Table 2 i l l u s t r a t e  the  effectiveness of the 

combination of masking agents and post-column reactions for  the 

detection of metal ions. 

The second approach used t o  remove t h i s  interference from 

uranium was a coupled-column technique. A 1 -mL sample of the 

uranium in 9:l ( V / V )  tetrahydrofuran-concentrated n i t r i c  acid was 

pumped t h r o u g h  a 2 x 3 m bed of Aminex res in  and t h i s  bed was then 

valved in to  an aqueous t a r t r a t e  eluant flowing onto the  main 

separator column. In tetrahydrofuran-nitric acid,  U ( V 1 )  forms a 

stab1 e tetrahydrofuran-nitrate complex (13) ,  which i s  not retained 

on a strong sulfonic-acid exchanger, whereas most other metal ions 

a re  strongly retained; these metal impurit ies can then be eluted 

onto another cation-exchange column and separated (Figure 7 ) .  A 

comparison of Figure 4 and Figure 7 i l l u s t r a t e s  the improved 

chromatography obtained with t h i s  coupled-column approach. Studies 

of t h i s  system indicated 199% removal of the  U(V1) and 100% recovery 

for P b ( I I ) ,  Co(I I ) ,  Fe( I I1)  and Mn(I1). Lower recoveries were 

obtained fo r  Cu( I I ) ,  N i ( I1 )  a n d  Zn(I1) b u t  the use of a l a rger  

sampling car t r idge  and/or a change in the  composition of the sampling 

medium should improve the  recoveries fo r  these metal ions. 

Zirconium. Extensive use i s  made of zirconium and zirconium a l loys  

in nuclear-power reactors and the  analysis fo r  t r a c e  elements i n  

these  metals i s  d i f f i c u l t  and often requires a preliminary 

separation. Due t o  the  complex aqueous chemistry of zirconium and 
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FIGURE 7 
HPLC a n a l y s i s  o f  uranium w i t h  a coupled column technique. 
mental c o n d i t i o n s :  
i n  9 : l  t e t r a h y d r o f u r a n  concentrated n i t r i c  ac id ;  coupled 2 x 3 mm 
and 4 x 130 m Aminex columns; e luen t ,  1 i n e a r  g rad ien t  f rom 0.05 t o  
0.45 mo1.L-1 t a r t r a t e  (ph 3.6) over  15 min; e l u e n t  f l ow ,  
1 mt.min-1; d e t e c t i o n  as f o r  F i g u r e  1. 

Exper i -  
sample, 1 mL o f  5 mg.mL-1 uranium s o l u t i o n  

i t s  s t r o n g  tendency t o  form polymer ic  h y d r o l y s i s  products ,  it was 

f e l t  t h a t  t h e  a n a l y s i s  o f  these samples would p r o v i d e  a "worst  case" 

s i t u a t i o n  f o r  t h e  HPLC a n a l y s i s  f o r  t r a c e  elements i n  meta ls  and 

a1 1 oys. 

An example separa t i on  o f  a z i r con ium standard i s  shown i n  

F i g u r e  8. C a l i b r a t i o n  curves obta ined i n  t h e  presence o f  l a r g e  con- 

c e n t r a t i o n s  o f  z i r con ium were l i n e a r  f o r  a l l  o f  t h e  metal ions 

s t u d i e d  (F igu re  9). The shape and r e t e n t i o n  t ime  f o r  t h e  Cu(I1) peak 

was v a r i a b l e ,  l i k e l y  due t o  t h e  c o - e l u t i o n  o f  t h e  l a r g e  c o n c e n t r a t i o n  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
4
3
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



394 CASSIDY AND ELCHUK 
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0 4 8 12 16 20 24 

RETENTION TIME (min) 

FIGURE 8 
H P L C  analysis of zirconium. Experimental conditions:  sample, 20 !JL 
of 85 mg.mL-1 EZ-10 standard; Aminex column; e luent ,  1 inear 
gradient from 0.35 t o  0.5 mo1.L-l t a r t r a t e  (pH 3.5) over 15 
m i n ;  eluent flow, 1 mL.min-l; detection as fo r  Figure 1. 

of zirconium (zirconium does not  react with PAR) .  Consequently, the  

r e su l t s  fo r  Cu(I1) (Table 3) in a s t a n d a r d  zirconium alloy were 

var iab le  b u t  s t i l l  acceptable s ince  the r e s u l t s  were calculated on 

the  basis of peak height. The r e su l t s  f o r  C o ( I 1 )  and Mn(I1)  a re  

qu i t e  good, b u t  e r r a t i c  r e su l t s  were obtained fo r  Pb(1I) and Ni(I1) 

when a t a r t r a t e  eluent was used. The use of a c i t r a t e  buffer gave 

acceptable values for  Pb(I1) and these r e su l t s  agreed with atomic 
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FIGURE 9 
C a l i b r a t i o n  curves i n  the  p resence  o f  37 mg.mL-1 zirconium. 
Experimental  c o n d i t i o n s  a s  f o r  F igu re  8. 

HPLC Result (u g .g- l )  
Emi ssi on T a r t r a t e  Buffer C i t r a t e  Buffer 

Ana lys i s  Sampl e Sampl e Sampl e Sample Sampl e 
Spec t rog raph ic  

(w3. g- l )  1 2 3 2 3 

112 130 110 
- 3 7 6 

175 380 350 41 0 200 170 
9 50 290 5 50 490 

52 48 48 57 
52 53 52 58 56 52 

TABLE 3 

HPLC ANALYSIS OF ZIRCONIUM* 

'Experimental  c o n d i t i o n s  a s  f o r  F igu re  8. Zirconium c o n c e n t r a t i o n s  
i n  samples  1 ,  2 and 3 were 85,  46 and 20 mg.mL-1 r e s p e c t i v e l y .  
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396 CASSIDY AND ELCHUK 

absorption resu l t s .  The c i t r a t e  system could not be used fo r  Ni(I1) 

since Ni(I1) e lu t e s  near the solvent-front peak. The reason for  the 

poor r e su l t s  for  Pb(I1) and Ni(I1) in the  c i t r a t e  eluent i s  unclear 

b u t  may be associated with t h e  formation of k ine t i ca l ly  s t ab le  

complexes during t h e  dissolution procedure; i t  i s  in te res t ing  t o  note 

tha t  t he  Pb(I1) r e s u l t s  are consistently low and the Ni(I1) r e su l t s  

cons is ten t ly  high. The EZ zirconium standards contain small amounts 

(%l% w / w )  of t i n ,  and hydrolysis of the  t i n  might cause the problems 

encountered with Pb(I1) and Ni(I1). Other complexing agents could 

possibly provide be t t e r  chromatographic r e su l t s  for  a l l  metal ions 

b u t  t h i s  was n o t  investigated. 

CONCLUSIONS 

These r e su l t s  show t h a t  high performance l iqu id  chromatography 

can be used fo r  t he  rapid and accurate analysis of metals and alloys 

f o r  t r a c e  impurities a t  the  t o  1% leve ls .  With the proper 

choice of complexing agents as eluents,  problems re la ted  t o  hydroly- 

s i s  o f  metal ions can be eliminated or minimized. The use of com- 

plexing eluents in place of strong acids a l so  permits operation a t  

intermediate pH values (pH2-pH7), which will minimize corrosion of 

pump components and prolong the  l i f e  of bonded-phase columns. The 

s e l e c t i v i t y  of post-column detection can be improved through the  use 

of masking agents and/or t he  use o f  coupled column techniques. 

Since the  large concentrations of matrix components can a f f ec t  peak 

shapes f o r  some metal ions, peak area measurements are preferred f o r  

quanti t a t i  on. 
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